Near-field characterization of the acoustical environment near rockets has often involved extrapolating far-field measurements. However, because far-field amplitude data reveals only limited information about source characteristics, a vector intensity measurement system and analysis package has been developed to examine source features more directly. This paper describes the development of the measurement and analysis capability and its application to a horizontal firing of a GEM-60 solid propellant rocket motor firing conducted at ATK Space Systems near Promontory, Utah. An analysis of near-field intensity data provides insight both into the spatial extent and principal radiation lobe as a function of frequency. For 50 Hz, the far-field spectral peak frequency in the maximum radiation direction, the dominant source region derived from tracing the near-field intensity vectors spans 17-32 nozzle diameters, with peak radiation at ~68 o . At high frequencies, the radiation results from a more contracted region that occurs farther upstream and is directed at about ~85°. These results point to the potential utility of near-field vector intensity measurements, in part because the near-field environments represented do not agree with historical far-field data-based models.
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Introduction
The development of the next-generation space flight vehicles has prompted renewed interest regarding source characterization and near-field propagation models of rocket noise. This source characterization is required to determine the vibroacoustic 1) impact on flight hardware and structures in the vicinity of the launch pad. Measurements of the noise near the rocket plume are critical, not only to directly determine the noise environment, but also to provide inputs to empirical models and to validate computational aeroacoustics models. 2, 3) However, these measurements are difficult to obtain because of the extreme nature of the acoustic and temperature environments, especially in the near field. These challenges have generally resulted in the use of far-field measurement data 4) to infer acoustic source properties such as near-field directivity and total radiated power. However, these far-field measurements are difficult to interpret, first because of the difficulty in defining the far field for a broadband, extended source, and second, because terrain, meteorological, and nonlinear propagation effects all increase with distance from the source.
In the near field, even well-made acoustic pressure measurements are usually insufficient. A set of pressure measurements can reveal the local sound pressure levels at the sensor locations. However, because of the frequency-dependent source size inherent to a rocket plume, it would require an extremely large array of distributed microphones (or the ability to move a smaller array and make measurements over many firings like has been done for military jet aircraft 5) ) to adequately map out the sound transmission in the critical near-field region. Because of the impracticalities of this approach, we have sought solutions to better directly understand the near-field acoustic energy flow. A methodology for determining this near-field energy flow provides source characterization capabilities beyond traditional pressure measurements.
Furthermore, using multimicrophone measurement probes, one can measure several energy-based quantities like kinetic energy, potential energy, and intensity. 6) In particular, active intensity is useful for determining the strength and the direction of the acoustic field at a point. This paper discusses the measurement and analysis of a horizontal firing of a GEM-60 solid rocket motor using improved intensity probes and calculations. The measurement system, including the data acquisition system, probe design, and calculation methods, is first described. Analysis of the collected data using an improved method for intensity calculations follows. Conclusions about the frequency-dependent noise source and directionality based on these calculations is also presented.
GEM-60 Experimental Setup and Near-field Intensity Measurement System
Acoustical measurements of the rocket plume are critical to providing a better understanding of the dominant noise sources; however, these measurements are difficult to conduct because of the extreme nature of the acoustic and temperature environments near the rocket plume and the large size of the rocket noise source. With these constraints in mind, measurement and analysis methodologies have been developed to measure the magnitude, peak directivity, and spectral content of the rocket source. 7, 8) Determination of these quantities over a sufficiently large spatial aperture near the rocket provides insight into physical noise generation mechanisms that originate in the turbulent exhaust flow field. The analysis for this paper was based on the measurements of a GEM-60 horizontal static firing at Promontory, Utah on September 6, 2012. The GEM-60 solid propellant motor is 13.2 m long, has a nozzle exit diameter of 1.09 m (43 in) and burns for approximately 91 seconds with an average thrust of 879 kN. Figure 1 shows an aerial view of the location where the rocket was fired. The blue dots represent locations of 10 near-field intensity probes, with two additional probes located in the mid field and near the peak radiation direction. For scale comparison, the concrete pad is about 30 m long from the edge of the test bay. Table 1 lists the type of probe at each location. Figure 2 shows the terrain and the array of intensity probes for the test, which were located at nozzle height. The probes had to be aligned carefully using laser levels to account for the sloping terrain near the edge of the pad. Finally, Fig. 3 shows the last seconds of the motor firing as viewed from a distance of 1220 m.
The application of energy-based processing to the characterization of a full-scale rocket plume and the development of an appropriate measurement system poses several technical and logistical challenges. Accurate characterization of the acoustic pressures in the near field of a high-thrust rocket requires the ability to record peak sound pressure levels beyond 180 dB (20 kPa) and frequencies from 5 Hz to 40 kHz. In addition, measurements must be made along the entire length of the plume to capture the entire acoustic source region, which can extend well beyond 100 m for large rockets and low frequencies. [9] [10] [11] The measurement system must be portable because of the limited locations where rockets can perform static firings, and its components, from the microphones to the data recorder, must be rugged so that it can withstand the vibration and temperature loading during rocket tests. Finally, the system must integrate the technical requirements for energy-based measurements with the environmental conditions and the safety constraints involved with rocket noise measurements. The design of each system component is described below. 
Probe Design
Two different probe designs were used in the 2012 measurements. The first was a three-dimensional (3D) spherical probe developed previously for other rocket firings. 3, 7, 8) The idea of a multimicrophone probe within a rigid sphere was based on prior work [12] [13] [14] and prompted a number of complementary investigations to further quantify its performance. [15] [16] [17] Seen in Fig. 4 , the 2.54-cm diameter sphere contains four flush-mounted, externally polarized G.R.A.S. 40BH microphones in a tetrahedral formation and the electronic components from 26AC preamplifiers. The 200V polarization from G.R.A.S. 12AA power supplies and the four microphone signals are delivered across a single seven-pin LEMO cable that is then broken out into separate channels at the power supplies. The two-dimensional (2D) parallel-axis probe in Fig. 4 was designed and machined in-house as part of ongoing system development. While the 3D probe is applicable to general sound field measurements, the 2D probe was designed with the premise that location of the probe at nozzle height during a horizontal motor test results in essentially a 2D intensity vector. The 2D probe holds four coplanar microphones at the vertices and center of an equilateral triangle circumscribed by a 3.8 cm (1.5 in) radius circle.
The 2D probes for the GEM-60 test held four newly developed G.R.A.S. 6.35mm 46BG microphones (probes 1-2,4-9 in Table 1 ) and 3.18 mm 40DD microphones (probe 3), all with 26CB preamplifiers. Three spherical probes (10) (11) (12) were also used. The 46BG and 40DD microphones used are both low-sensitivity (less than 0.3 mV/Pa) and prepolarized, with 10 mA constant current power delivered directly across the coaxial cable from the data acquisition system. The use of prepolarized microphones eliminates the need for a separate field-located microphone power supply, which had been a common point of failure in the past. Table 1 gives the lower frequency limit for the individual probe based on the microphone spacing and phase matching characteristics. Improvement of low-frequency performance through relative microphone calibration has been discussed by Giraud et al. 
Data Acquisition
A National Instruments PXI-based data acquisition system was used to collect calibrated pressure waveform data. The PXI chassis shown in Fig. 5 includes up to 17 PXI-4462 dynamic signal acquisition modules with simultaneous sampling to ensure correct phasing of all channels. The modules have 24-bit analog inputs with 113 dB dynamic range, 204.8 kHz sampling rate, and 10 mA IEPE constant-current signal conditioning. Digitized data from all channels are streamed over a single coaxial or optical cable to a high-powered Intel processor-based Microsoft Windows 7 controller. The controller has four solid state drives (SSD), preferred over traditional hard disk drives for their robustness, increased vibration tolerance, and superior write speed. The SSDs are deployed in a RAID 10 configuration, which is optimal for mission critical applications as the data are striped across two SSDs for increased performance and mirrored across two SSDs for redundancy in case of drive failure.
Data are acquired using custom-built NI LabVIEW-based software, which provides the capability to tailor the setup, monitoring, and data verification. Setup controls provide selectable sensor type, sensitivity, gains, conditioning, calibration, and monitoring on an individual channel basis. Experimental setup is aided by real-time multiple-channel monitoring of time histories, overall and peak levels, and ANSI compliant fractional octave analysis. The pressure data are saved in a non-proprietary binary format. Data acquisition control and monitoring are performed using a daylight-readable laptop computer running Windows Remote Desktop. The computer can be used either wirelessly or wired to the controller. The harsh environment generated by a rocket plume dictates special considerations in the design, layout, and operation of the data acquisition system. For field deployment, to increase the system's tolerance to vibration, the data acquisition system is housed in a vibration-isolated rack-mounted military specification shipping container. The location of the data acquisition system in the field dictates a tradeoff between minimizing vibration and temperature loading and increased cabling and setup time. To comply with safety requirements, recordings are time triggered to allow for unattended usage. Extensive component testing of the instrumentation and data acquisition software has been performed in both the laboratory and the rocket plume environment to ensure proper functioning. The testing focused on the robustness and scalability of the system, which has been field-validated with over 100 channels simultaneously sampled at a rate of 200 kHz.
Intensity Estimation
In order to estimate the intensity vector from a multimicrophone probe, collocated pressure and particle velocity are needed. Traditionally, this has been done for multimicrophone probes using finite sums and differences 19) that, when ensemble averaged, results in the active intensity being estimated using weighted sums of the imaginary components of cross spectra. 20) The pressure is obtained from a centered microphone (as with the 2D probe) or estimated via an average of the other microphones, which was the subject of Wiederhold et al.'s work. 15, 16) The particle velocity is obtained a finite difference estimate of the pressure gradient and the time-harmonic version of the linearized Euler's equation for an inviscid acoustic process, written as
The traditional cross spectral, or finite difference (FD) method, has been the standard 21, 22) for calculating acoustic intensity from multimicrophone probes. However, the FD method suffers from large bias errors as the microphone separation distance is no longer much smaller than a wavelength and the spatial Nyquist frequency of the probe is approached.
As part of the intensity measurement system development, a new method, the phase and amplitude gradient estimation (PAGE) method was derived, 23) based on theoretical work by Mann and Tichy.
24) The PAGE method is able to accurately estimate the intensity at much higher frequencies than the FD method, particularly for a propagating wave field. The PAGE-derived 23) intensity for a time harmonic wave may be written as
where the magnitude of the pressure and the relative phases between microphones have been explicitly separated. The phase gradient can be calculated in terms of the phase of the transfer function between microphones. The frequency range over which intensity can be accurately estimated for a given probe depends on the microphone locations, presence of scatters, and calculation method. The low-frequency limit is dependent on a sufficiently large microphone spacing such that the acoustic amplitude/phase difference is much greater than the microphones' inherent mismatch, whereas the high-frequency limit is dependent on the scattering and calculation method bias effects. The PAGE calculation method overcomes the severe bias effects of the FD calculation method that has traditionally limited the usable bandwidth.
For measured rocket data outside the hydrodynamic near field, the intensity should be primarily active, given that a traveling wave dominates any reactive component created in the vertical direction because of the ground reflection. In that limit, the intensity level (� � ) is approximately equal to the sound pressure level at given frequency, which is defined in terms of the PSD as � � � ��� � 1� ��� �� ��, where �� is the discrete Fourier transform bin-width. Consequently, in order to determine the frequency range over which a probe provides accurate information, � � can be compared to both the PAGE and FD intensity levels for each probe.
As an example of this process, Fig. 6 shows the intensity level, � � , and direction relative to the exhaust centerline calculated for probe 2 from the GEM-60 data using both the PAGE and FD methods. For the level plot, � � is also shown to provide the comparison discussed previously. The high-frequency bias errors are readily apparent above 1 kHz in the FD � � and grow rapidly with frequency. On the other hand, the PAGE-calculated � � follows � � nearly exactly, which is expected for a propagating wave field. Likewise, the intensity vector direction begins to differ significantly between the two methods at about 2.2 kHz, with the FD vector direction rotating in the forward (upstream) direction in a nonphysical fashion. This result in Fig. 6 helps to illustrate the increased usable bandwidth provided by the PAGE intensity calculation method. 
GEM-60 Intensity Analysis
Vector maps of the intensity at the probe locations during the 2012 GEM-60 firing are displayed in Figs. 7-11 at several frequencies from 50 Hz to 600 Hz. Below 100 Hz, only the probes with sufficient low-frequency bandwidth (see Table 1 ) are shown. From the linear array of probes parallel to the shear layer, intensity vectors that have magnitudes within 3 dB of the maximum (the "3-dB down region") are ray-traced back to the centerline to find an estimated dominant source region (green box) and a peak directivity angular range, which is defined by the range of angles denoted by the red lines. This approach has been recently applied by Stout et al. 25, 26) in source characterization of F-22A Raptor noise and was adapted from jet noise intensity characterizations by Jaeger and Allen. 27) The results of the ray-tracing are compiled in Fig. 12 to estimate the frequency-dependent source location between 30 and 4000 Hz. Stout et al. 26) have recently shown that the 3-dB ray-tracing method results in a localization of only approximately the top 1 dB of acoustic energy, so in reality, the source region is significantly larger than shown in Fig. 12 . Examination of the intensity magnitude color map in Fig. 7 for 50 Hz confirms this suggestion. The drop in � � across the linear array is ~6 dB in the upstream direction and ~4 dB downstream. This slow rolloff in level and vector directionality imply an overall source length of at least 30D at that frequency.
Despite the limitation of the tracing to reveal the full extent of the maximum source region and anomalous source extent contractions believed to result from the coarse measurement array, Fig. 12 reveals important trends. As expected of jet aeroacoustic sources, the source region moves closer to the nozzle with increasing frequency in keeping with the smaller turbulence length scales in that region. 28) Above 600 Hz, the peak source region remains relatively constant between 10 and 20D downstream of the rocket nozzle exit plane. However, it is noted that because no probes were located upstream of 9D, it is highly probable that the dominant source location continues to move upstream. This is made evident in further examining the results in Fig. 11 , where the Probe 1 location has the largest of any of the intensity vectors. Thus, the results above 600 Hz represent upper bound on the downstream location of the maximum source location.
The rocket intensity field exhibits two important differences from the prior intensity work of Stout et al. 25, 26) on an installed, afterburning military jet engine. First, there is not a significant overall contraction in peak source region extent with increasing frequency. The dominant (~1 dB) source region is approximately 10-15D wide, and occurs many diameters downstream of the military jet noise source region. Second, the change in peak-source location is not as abrupt. Stout et al. saw a more dramatic shift in source location above the peak frequencies dominating the maximum radiation lobe. Here, the change is much more gradual. One possible contributing factor is the relatively coarse resolution of the probes in this case relative to the military jet study, where the same probe was moved to a different location each time the engine was run up. This resulted in a greater spatial resolution not available here. Another possible cause is actual physical source differences caused by the greater convective Mach number and temperature and different plume composition for the solid motor.
The maximum intensity angles shown in Fig. 13 over the 3-dB down region along the near-field array provide significant physical insight about the maximum noise radiation. As frequency increases, the intensity vectors shift from 65-70° to 80-85° with clear evidence of significant radiation in the upstream direction. For example at 600 Hz in Fig. 11 , the radiation is nearly pointed toward the sideline, with the most upstream vector pointing toward ~95°. As frequency continues to increase and the maximum source location presumably shifts upstream of the first probe location, the vectors begin to shift in the downstream direction. This is consistent with the maximum source location being located upstream of the first probe above approximately 600-800 Hz. Further tests of the near nozzle environment would provide significant insight into the high-frequency noise radiation. Unfortunately, large concrete pillars used for camera stands at T-6 preclude making meaningful measurements upstream of approximately 10D.
One additional insight into the radiation angles merits mention. The maximum angular range plot in Fig. 13 reveals quite clearly that the near-field directionality of the high frequencies is significantly upstream (~80-85°) than far-field directivity measurements indicate. For example, Haynes et al. 10) calculated directivity indices for the Space Shuttle reusable solid rocket motor as an update to those presented by Eldred.
1)
Although the low-frequency indices were later corrected by James et al., 29) to account for the increasingly downstream source location at lower frequencies, the maximum radiation angle of any of the directivity indices (which span those shown here both in a physical and scaled-frequency sense) is less than 70°. Thus, the measured near-field, high-frequency intensity vectors point upstream of prior far-field measurements. Although terrain and other complicating factors associated with difficult outdoor measurements must also be considered, one possible explanation for the discrepancy between the near-field and far-field directionality is the presence of nonlinear acoustic propagation. The acoustic shock formation and propagation associated with nonlinear propagation of noise around the overall radiation direction 30, 31) causes the parametric generation of high frequencies as distance increases. This high-frequency energy transfer may result in relatively larger levels for that angular range. Thus, the far-field directivity could be significantly different from the near-field intensity directionality. Because this hypothesis cannot be verified from the present dataset, the results indicate need for further research to connect the near-field radiation to far-field measurements.
Conclusions
We have described the development of a state-of-the-art measurement and analysis capability for obtaining the near-field vector acoustic intensity from rocket motor firings. The results of a validation test during a GEM-60 solid rocket motor firing has not only revealed an unprecedented ability to make large-bandwidth acoustic intensity measurements, but has also provided significant insight into noise radiation characteristics from this large rocket motor. First, the dominant low-frequency source location ranges from 20-30 diameters downstream of the nozzle exit plane before moving upstream with frequency. Second, the noise source extent does not contract as significantly as was observed with prior afterburning military jet tests. Third, the noise radiates over a broader range of angles and more to the sideline than suggested by far-field directivity measurements. These insights point to the utility of further employing vector acoustic intensity to the characterization of jet aeroacoustic sources, particularly as they relate to the prediction of near-launch vehicle vibroacoustic loading. 
